ABSTRACT Neural tube defects including spina bifida are common and severe congenital disorders. In mice, mutations in more than 200 genes can result in neural tube defects. We hypothesized that this large gene set might include genes whose homologs contribute to morphogenesis in diverse animals. To test this hypothesis, we screened a set of Caenorhabditis elegans homologs for roles in gastrulation, a topologically similar process to vertebrate neural tube closure. Both C. elegans gastrulation and vertebrate neural tube closure involve the internalization of surface cells, requiring tissue-specific gene regulation, actomyosin-driven apical constriction, and establishment and maintenance of adhesions between specific cells. Our screen identified several neural tube defect gene homologs that are required for gastrulation in C. elegans, including the transcription factor sptf-3. Disruption of sptf-3 in C. elegans reduced the expression of early endodermally expressed genes as well as genes expressed in other early cell lineages, establishing sptf-3 as a key contributor to multiple well-studied C. elegans cell fate specification pathways. We also identified members of the actin regulatory WAVE complex (wve-1, gex-2, gex-3, abi-1, and nuo-3a). Disruption of WAVE complex members reduced the narrowing of endodermal cells' apical surfaces. Although WAVE complex members are expressed broadly in C. elegans, we found that expression of a vertebrate WAVE complex member, nckap1, is enriched in the developing neural tube of Xenopus. We show that nckap1 contributes to neural tube closure in Xenopus. This work identifies in vivo roles for homologs of mammalian neural tube defect genes in two manipulable genetic model systems.
D
URING development, an embryo transitions from a cluster of cells to a well-organized body plan in a process known as morphogenesis. One important morphogenetic process is the internalization of cells and tissues from the surface of an embryo. Cells that give rise to internal tissues, such as the intestine and neural tube, are initially borne on the outside of the embryo and undergo a series of cell shape changes, rearrangements, and migrations that move cells to their final positions within the body.
Although diverse cell types undergo internalization, the mechanisms driving these movements are directed in part by a common set of cell behaviors and molecular mechanisms (Solnica-Krezel and Eaton 2003; Rauzi and Lecuit 2009; Sawyer et al. 2010) . For example, during neural tube formation in vertebrates, the surface neuroepithelium becomes internalized and folds into a closed tube (Figure 1 ). The initial bending of the surface neuroepithelium into the body depends on apical constriction (reviewed in Schoenwolf and Smith 1990) . Apical constriction, which has been observed in diverse animal systems, occurs when the contraction of a cell's apical actomyosin network results in shrinkage of the apical side (reviewed in Sawyer et al. 2010) . In vertebrate neuroepithelia, this cell shape change is partially responsible for bending of the neuroepithelium and its resulting invagination into the body. In parallel, cell rearrangements and cell migration act in a coordinated fashion and contribute to formation of the closed neural tube (reviewed in Wallingford et al. 2013) .
Genetic studies in the mouse have identified over 200 genes with roles in neural tube closure; however, the functions of most of these neural tube defect (NTD) genes in neural tube closure are not well understood (Harris and Juriloff 2007, 2010) . Notable exceptions include Shroom3, which encodes an actin binding protein that recruits a myosin activator to specific sites in cells (Hildebrand and Soriano 1999; Haigo et al. 2003; Hildebrand 2005; Nishimura and Takeichi 2008) , and planar cell polarity genes, which encode proteins with roles in cell rearrangements and apical constriction (reviewed in Muñoz-Soriano et al. 2012; Nishimura et al. 2012; Ossipova et al. 2014) .
Given the large number of genes with poorly understood roles in vertebrate neural tube closure, we postulated that some of these genes might have homologs with conserved roles in other model systems. We took a screening approach to identify NTD gene homologs with roles in morphogenesis in other systems. Such an approach has the potential to identify human birth defect genes with in vivo roles that can be studied efficiently in nonmammalian model systems, as well as to identify candidates for core mechanisms of morphogenesis that might be shared by multiple animal systems. We probed NTD gene homologs in the roundworm Caenorhabditis elegans, a powerful model system for genetics and live imaging studies (Hodgkin 2005; Nance et al. 2005) . C. elegans does not produce a neural tube, but many cells internalize by apical constriction during embryonic development (Nance et al. 2005; Harrell and Goldstein 2011) . In particular, gastrulationthe internalization of endodermal, mesodermal, germline, and sometimes other tissues from an embryo's surface-involves internalization of scores of cells by apical constriction (Nance et al. 2005; Harrell and Goldstein 2011) .
We focused on an early event, internalization of endoderm cells during gastrulation. In C. elegans, two endoderm lineage cells (called Ea and Ep, for the endodermal founder cell's anterior and posterior daughters, and referred to here for convenience as E cells) are borne on the outside of the embryo at the 26-cell stage (Nance et al. 2005) . These two cells undergo apical constriction, much as apical constriction contributes to vertebrate neurulation ( Figure 1 ). As in vertebrate neurulation, apical constriction in the E cells requires factors driving cell polarization, cytoskeletal factors regulating myosin localization and activation, and cell adhesion molecules (Nance and Priess 2002; Severson et al. 2002; Lee and Goldstein 2003; Nance et al. 2003; Anderson et al. 2008; Roh-Johnson and Goldstein 2009; Grana et al. 2010; Roh-Johnson et al. 2012) . Once internalized, the E cells undergo multiple divisions, giving rise to the entire intestine.
Here we report the screening of a large set of C. elegans NTD gene homologs for roles in gastrulation using a two-step RNA interference (RNAi) enhancer screen developed previously (Sawyer et al. 2011) . Our screen succeeded in identifying four NTD homologs with roles in C. elegans gastrulation. One of these genes, sptf-3, encodes a transcription factor with homology to the Sp family of transcription factors (Ulm et al. 2011; Hirose and Horvitz 2013) . We found that sptf-3 is required for normal expression of genes involved in endodermal lineage specification. Our screen also identified two members of the WAVE complex of actin regulators, abi-1/ Abi1 and gex-3/Nckap1. The requirement for these genes appears to reflect a requirement for the WAVE complex more generally because we found that all five C. elegans genes encoding members of the WAVE complex (wve-1/Wave1, gex-2/Sra1, gex-3/Nckap1, abi-1/Abi1, and nuo-3a/Brick1) have roles in C. elegans gastrulation. Although WAVE complex members appear to be expressed in all or most tissues in C. elegans embryos (Patel et al. 2008) , we show that in the vertebrate Xenopus, nckap1 messenger RNA (mRNA) is enriched in the developing neural tube. We report that as in mouse (Rakeman and Anderson 2006; Yokota et al. 2007) , neural tube closure in Xenopus depends on Nckap1/Nap1. Our results identify in vivo roles for homologs of mammalian NTD genes in two model systems, forming a platform for future work on mechanistic in vivo roles for these genes.
Materials and Methods
C. elegans strains and worm maintenance C. elegans were cultured and handled as described in Brenner (1974) . Experiments were performed using the following strains: wild-type Bristol N2, LP77 end-3(ok1448); ced-5(n1812) (Sawyer et al. 2011 (Wehman et al. 2011) , end-1(ok558), end-3(ok1448), LP54 PH::mCherry; NMY-2::GFP, MT2547 ced-4(n1162), MT2551 ced-4(n1162), dpy-17(e164), MT5287 ced-4(n1894), MT5816 ced-4(n2273), MT5851 ced-4(n2274), WM43 gex-3(zu196), OX232 wve-1(zu469) unc-101(m1)/hin1 (gift from the Soto laboratory), OX309 wve-1(zu469) unc-101(m1)/hin1 (gift from the Soto laboratory), VC1180 gex-2(ok1603)/dpy-9(e12), LP163 unc-119(ed3) III; nuo-3(cp14[nuo-3aD + unc-119(+)]) IV/nT1[qIs51], LP418 sptf-3(cp154[mNG^SEC^3xFlag::sptf-3]) I, LP419 spft-3(cp155[mNG^3xFlag::sptf-3]) I, and LP362 gex-3(cp114[mNG^3xFlag::gex-3]) IV (Dickinson et al. 2015) .
RNAi screening and quantification of embryonic lethality
Primary screen: RNAi-by-feeding: RNAi-by-feeding was performed by a protocol outlined previously (Sawyer et al. 2011) with minor modifications. Three to five L 4 larvae from a wildtype background or LP77 end-3(ok1448); ced-5(n1812) gastrulation-sensitized background were placed on RNAi plates seeded with double-stranded RNA (dsRNA)-producing bacterial strains (Timmons and Fire 1998; Kamath et al. 2001) . Bacterial feeding strains were obtained from a dsRNA feeding library from the Medical Research Council (MRC) Geneservice (Kamath and Ahringer 2003) . Bacterial clones were confirmed using the sequencing primer L4440F (59-GAGTGAGCTGATACCGC-39). Worms were transferred to fresh plates approximately every 12 hr. After 48 hr, worms were removed from the plates. The F 1 embryos and larvae were counted at least 24 hr after the embryos were laid, and embryonic lethality (percent of embryos that failed to hatch) was determined. dsRNA-targeting GFP was used to determine embryonic lethality in the wild-type and LP77 end-3(ok1448); ced-5(n1812) gastrulation-sensitized backgrounds. Enhancement of lethality for each gene tested was determined by subtracting the percent embryonic lethality (percent of embryos that failed to hatch) of the LP77 end-3(ok1448); ced-5(n1812) gastrulation-sensitized background from the wild-type background. We used 1 SD above the mean of lethality in the LP77 end-3(ok1448); ced-5(n1812) gastrulation-sensitized background, which was 8.43%, as a threshold for defining enhancers: any gene whose dsRNA produced lethality in the gastrulation-sensitized background of more than 8.43% above the lethality produced by the same dsRNA in the wild-type background was considered an enhancer and was carried forward to the secondary screen. All RNAi-by-feeding experiments were performed at 20°.
Secondary screen: RNAi-by-injection: PCR templates for in vitro transcription of dsRNA were generated from a plasmid isolated either from the bacterial feeding library or from complementary DNA (cDNA) isolated from embryos (SuperScript III First-Strand Synthesis System, Life Technologies). For plasmid PCR, we used a primer recognizing the T7 promoter sequence; for cDNA PCR, we used a two-step PCR strategy outlined previously (Sawyer et al. 2011) . All PCR products were gel purified and used as a template in an in vitro transcription reaction (T7 RiboMAX Express RNAi System, Promega) according to the manufacturer's instructions. dsRNA integrity was assessed by gel electrophoresis, and dsRNA concentration was determined by spectrophotometry. dsRNA was injected at a concentration of 1 mg/ml into adult hermaphrodites using a Narishige injection apparatus and a Parker Instruments Picospritzer II mounted on a Nikon Eclipse TE300 microscope. dsRNA was stored in one volume of 100% ethanol at 280°.
Genome engineering
The nuo-3 gene produces an mRNA that encodes two distinct polypeptides. The 59 nuo-3a ORF (Wormbase accession number Y57G11C.12a) encodes a BRICK homolog, while the 39 nuo-3b ORF (Wormbase accession number Y57G11C.12b) encodes an NADH-ubiquinone oxidoreductase a-subunit. We generated knockouts of nuo-3a alone by Cas9-triggered homologous recombination (Dickinson et al. 2013 ). We constructed a homologous repair template in which the 727 bp of intergenic sequence between nuo-3 and the next upstream gene, arl-8, was fused directly to the nuo-3b ORF such that the nuo-3a ORF at the 59 end of the nuo-3 transcript was deleted, but nuo-3b was still under the control of the native nuo-3 promoter. The unc-119(+) selectable marker was inserted upstream of the 727-bp arl-8/nuo-3 intergenic region. To avoid disrupting arl-8 expression, a second copy of the arl-8/nuo-3 intergenic region was placed upstream of unc-119(+). Finally, the repair template plasmid contained 2.0 and 1.7 kb of unmodified sequence for homologous recombination at the 59 and 39 ends of the construct, respectively. The complete sequence of this plasmid is available on request. The Cas9 expression plasmid pDD162 (Dickinson et al. 2013) was modified by insertion of the guide sequence 59-tcctttagttgttgttgaa-39. The Cas9 plasmid, repair template, and co-injection markers were prepared and injected into young adults of strain HT1593 unc-119(ed3) III as described previously (Dickinson et al. 2013) . We isolated four independent alleles with deletions of nuo-3a. All four alleles caused a maternal-effect lethal phenotype as homozygotes, consistent with the known phenotypes of other WAVE complex subunits (Patel et al.2008) . To facilitate strain maintenance, these alleles were placed over the GFP-marked balancer nT1[qIs51] (IV; V). Using RT-PCR, we confirmed that nuo3b mRNA was still expressed in embryos homozygous for the nuo-3a deletion (Supporting Information, Figure S2 ).
To modify the sptf-3 locus, we inserted mNeonGreenŜ EC^3xFlag at the 59 end of the coding region, following a published procedure (Dickinson et al. 2015) . Briefly, we generated a Cas9-sgRNA expression construct by inserting the guide sequence 59-gctgttgctgttgcatttgt-39 into pDD162. In parallel, we cloned homology arms into the mNG-SEC vector pDD268. The 59 homology arm comprised 642 bp upstream of the SPTF-3 start codon, and the 39 homology arm comprised the first 560 bp of the SPTF-3 coding region (including the first exon and part of the first intron). A silent c/t mutation was introduced at nucleotide residue 33 of the SPTF-3 coding region to prevent cleavage of the repair template by Cas9. The complete sequence of the repair template plasmid is available on request. The Cas9 plasmid and repair template were injected into young adults of strain N2, and knock-in animals were isolated by selecting on Hygromycin. We found that the mNG^SEC^3xFlag::sptf-3 insertion caused a maternal-effect lethal phenotype, so the insertion allele was maintained in heterozygotes. To isolate mNG^SEC^3xFlag::sptf-3 homozygotes (which produce embryos lacking sptf-3 expression), we singled L 4 rollers and checked for the presence of viable progeny a day later. Animals that had laid only dead eggs were dissected and their embryos used for RNA sequencing (RNA-seq). To isolate an mNG^3xFlag::sptf-3 protein fusion, the L 1 /L 2 offspring of animals heterozygous for mNG^SEC^3xFlag::sptf-3 were heat shocked at 32°for 5 hr. Five days after heat shock, marker-excised animals were identified by the combination of a wild-type phenotype and mNG fluorescence. We found that two of nine filmed mNG^3xFlag::sptf-3 embryos were gastrulation defective, consistent with partial rescue and suggesting that the fusion protein does not fully rescue function.
Microscopy, image quantification, mRNA quantification
Differential interference contrast (DIC) imaging: C. elegans embryos were mounted on poly-L-lysine-coated coverslips at the one-to four-cell stage mounted on a 2.5% agarose pad with egg buffer (as in Sawyer et al. 2011) . Four-dimensional (4D) DIC video microscopy was performed on a Nikon Eclipse 800 microscope using a Diagnostic Instruments SPOT2 camera. Images were acquired with a 603 oil objective every 60-90 sec at 1-mm optical sections. Images were analyzed with MetaMorph software (MetaMorph, Inc.).
Fluorescence microscopy: The spinning-disk confocal images of JJ1531 zuIs70; JJ1317 zuIs3 [spe-26(+)/end-1::GFP], JR2274 wIs137 [end-3::END-3(P202L)-GFP; rol-6], MS126 unc-119(ed4) III; irIs16 [tbx-35::NLS::GFP]; and Xenopus membrane (CAAX)::GFP RNA were acquired on a Nikon Eclipse Ti-E microscope equipped with a CSU-X1 Yokogawa head and a Hamamatsu ImagEM EMCCD camera. The Nikon Inverted Eclipse TE2000-U microscrope equipped with a Yokogawa Spinning Disk Confocal Scanner Unit CSU10 and a Spot Insight 2-megapixel camera was used to acquire images of the LP54 PH::mCherry; NMY-2::GFP strain.
Quantification of expression from transgenes: Embryos from the following backgrounds were analyzed as controls or injected with sptf-3 dsRNA: JJ1317 zuIs3 [spe-26(+)/end-1::GFP], JR2274 wIs137 [end-3::END-3(P202L)-GFP; rol-6], and MS126 unc-119(ed4) III; irIs16 [tbx-35::NLS::GFP]. Embryos at the two-to four-cell stage were mounted on agarose pads 24-30 hr after injection and filmed by DIC microscopy until near the time of P 4 cell division. Images were acquired once every 3 min at 4-mm optical sections through 20 mm total with the 603 oil objective. A 488-nm laser was used at 15% power for imaging end-1::GFP and end-3::END-3-GFP embryos and at 25% power for tbx-35::GFP embryos (exposure times 200 msec). Fluorescence intensities were calculated by subtracting the average pixel values of off-embryo background from the average pixel values of E cell nuclei, with pixel values measured using MetaMorph software.
RNA-seq and analysis: Four replicates of five to six embryos were collected at the 8AB stage for each genotype: N2 and sptf-3(cp155). For each replicate, we weakened eggshells with chitinase (Edgar and Goldstein 2012) and lightly disrupted them mechanically by aspiration. We flash froze these embryos in liquid nitrogen and stored them at 280°. We prepared cDNA (Clontech SMARTer Legacy Kit) and RNAseq libraries (Nextera XT Kit) according to the manufacturers' guidelines. We multiplexed these libraries and sequenced them on a single HiSequation 2500 lane for 50 cycles from a single end.
Identical reads were collapsed using fastx_collapser (FASTXToolkit v. 0.0.13.2; http://hannonlab.cshl.edu/fastx_toolkit/) and aligned to the ce10 genome using TopHat2 v. 2.0.11 (Kim et al. 2013) . Count files were generated using HTseqcount-0.5.3p3 (Anders et al. 2015) and a WBcel235.78.gtf reference file (http://ftp.ensembl.org/pub/release-78/gtf/ caenorhabditis_elegans/). To analyze lineage-restricted genes that in our results were robustly expressed without excessive variation between replicates, we included in our analysis all genes whose mRNAs had (1) lineage-restricted expression in Supplementary Table 1 in Hashimshony et al. (2015) , (2) a minimal mean of 10 RPKM in our results, and (3) total RPKM values that were greater than total 95% confidence intervals between replicates from our results.
NMY-2::GFP accumulation and apical membrane length analysis: For NMY-2::GFP accumulation analysis, LP54 PH:: mCherry; NMY-2::GFP embryos and gex-3(RNAi); LP54 embryos were analyzed as described previously (Roh-Johnson and Goldstein 2009). Images were acquired once every 60 sec at 1.5-mm optical sections (10 mm total).
For analysis of apical membrane lengths, JJ1531 zuIs70 [pJN152: end-1::gap::caax;unc-119(+)] (provided by J. Nance) embryos and gex-3(RNAi); zuIs70 embryos were mounted on agarose pads at the two-to four-cell stage 30-36 hr after injection and filmed by DIC microscopy until near the time of P 4 cell division. Images were acquired once every 90 sec at 2-mm optical sections (10 mm total) with the 603 objective. The 488-nm laser was used at 25% power (exposure time 200 msec). Apical membranes lengths were measured as described previously (Roh-Johnson and Goldstein 2009). Statistical tests were determined using GraphPad Prism software (GraphPad Software, Inc.) employing an unpaired t-test with Welch's correction. In cases where the Ep apical membranes extended around the posterior boundary of P 4 (as was often the case in gex-3(RNAi) embryos), the length of the apical membrane in contact with eggshell was determined.
Movies of membranes blebs were filmed with LP54 PH::mCherry; NMY-2::GFP (uninjected or wve-1(RNAi)) embryos mounted in a ventral position. Images were acquired every 3 sec at 1-mm optical sections (through 5-8 mm total).
Contact length ratios: P 1 cells were isolated from wild-type and WM43 gex-3(zu196) embryos at the two-cell stage using the same method of isolation described in Werts et al. (2011) . The cells were mounted in Shelton's growth medium (Shelton and Bowerman 1996) either as P 1 cells or, after one division, as P 2 -EMS cell pairs. Cells were imaged using 4D DIC video microscopy on a Nikon Eclipse 800 microscope with a Diagnostic Instruments SPOT2 camera. The contact length ratios are represented as contact length/radius, as in Grana et al. (2010) . Measurements were taken using Image J.
Xenopus laevis (Xenopus) manipulations
In situ hybridization: Xenopus embryos were staged according to Nieuwkoop and Faber (1967) . Whole-mount in situ hybridization was carried out as described by Harland (1991) . The probe for nckap1 in situ hybridization was generated from nckap1; IMAGE clone ID: 4970729.
Xenopus plasma membrane imaging experiments: For imaging membranes, Xenopus embryos were injected at the onecell stage with 100 ng of membrane (CAAX)::GFP RNA or with 100 ng of membrane (CAAX)::GFP RNA together with 45 ng of Nckap1 MO1. The pCS2_mem(CAAX)::GFP plasmid, kindly provided by the Wallingford laboratory, was digested with Not1 and used as the template for RNA preparation. RNA was prepared by in vitro transcription of CAAX::GFP using the Ambion mMessage Kit with the Sp6 polymerase. Neurula-stage embryos (stage 16) were mounted in glassbottom dishes in 2% agarose submerged in 0.13 MBS buffer and oriented using eyebrow hairs glued to toothpicks. Images were acquired once every 2 min at 10-mm optical sections with the 103 objective and a 1.53 magnifying lens using the Nikon Eclipse Ti-E microscope. The 488-nm laser was used at 50% power (exposure time 150 msec).
Morpholino injections: Two nonoverlapping translationblocking morpholinos (MOs) were designed against the start site of nckap1 and upstream 59 UTR region (Gene Tools) ( Figure S6 shows MO target sequences). Xenopus embryos were injected with the following range of Nckap1 MO concentrations: control mismatch MO (43-45 ng), MO1 (43-45 ng for NTD phenotype; 25-30 ng for suboptimal dosage), and MO2 (25-30 ng for NTD phenotype; 20 ng for suboptimal dosage). MO injections were performed as described previously (Tandon et al. 2012 ).
Western blotting: The 166-bp 59 UTR of Xenopus nckap1 was cloned together with 123 bp of 59 cds (41 aa) from stage 25 whole-embryo cDNA using the iProof High Fidelity PCR Kit (Bio-Rad) with 45°annealing temperature and 10-sec extension.
This PCR product (289 bp) was purified (QIAquick PCR Purification Kit, Qiagen) and digested with HindIII and BamHI restriction enzymes (NEB) for insertion into the pEGFP-N1 vector (Clontech). This allowed the fusion of eGFP in frame at the 39 end of the PCR product. This nckap1 59 UTR-GFP fusion (1023 bp) was then digested from the vector using XhoI and NotI restriction enzymes and ligated into the modified pSP64TxB vector (with b-globin UTR elements). The new vector was linearized (XmaI), purified, and transcribed to make capped mRNA for injections (mMessage mMachine SP6 Transcription Kit, Invitrogen). Fertilized Xenopus embryos were injected with a range of Nckap1 MO1, MO2, and control MO concentrations and then subsequently injected with 1 ng of nckap1 59 UTR-GFP RNA. Embryos were cultured in 0.13 MBS solution at 16°until stage 11, when they were then resuspended in lysis buffer for protein analysis, as performed previously (Tandon et al. 2012 (Tandon et al. , 2013 Sojka et al. 2014) . Western blots were probed with anti-mouse-JL8 GFP (Clontech, 632381, 1:10,000 dilution) to ascertain blocking of GFP-RNA translation by the MO and anti-mouse-SHP2 (BD Transduction, 610622, 1:2500 dilution) as a loading control, followed by anti-mouse HRP (Jackson, 1:10,000) and ECL substrate to develop the blot.
Data availability
Strains are available upon request. Table S1 contains information about the genes we identified as C. elegans homologs to mammalian neural tube defect genes and includes accession numbers.
Results

Identifying NTD gene homologs in C. elegans
Mammalian NTD genes were compiled using a previously generated list of NTD genes (Harris and Juriloff 2007, 2010 ), which we augmented by additional literature searches for mouse and human NTD genes. We also included a set of folic acid metabolism genes because mutations in some folic acid metabolism genes have been shown to affect neural tube closure in mouse embryos (Harris 2009 ). C. elegans homologs were identified by BLAST searches using protein sequences. C. elegans BLAST hits with an E-value score below a threshold (1 3 10 29 ) were considered candidate NTD gene homologs. In addition, four C. elegans genes (ced-4/Apaf-1, brc-1/Brc1, pfn-1/Profilin1, and unc-60/Cofilin1) with higher E-values above the threshold were considered in this study because they have been previously recognized as homologous genes (Table S1 ) (Zou et al. 1997; Ono and Benian 1998; Severson et al. 2002; Boulton et al. 2004 ). We performed a reciprocal best BLAST hit analysis using C. elegans protein sequences against the mouse or human genome. We categorized these results according to whether the corresponding genes were the best homolog or one of multiple genes with similar E-values. In some cases, we considered multiple C. elegans genes as potential NTD gene homologs in order to include in our screen genes likely to have diverged recently by gene duplication. In total, we searched 234 candidate mammalian NTD genes by BLAST against the C. elegans genome, including 3 human genes with known SNPs as risk factors for NTDs and 5 folic acid metabolism genes. We identified 191 C. elegans genes with homology to mammalian NTD genes (Table S1 ).
Identifying genes with roles in C. elegans embryonic development by an RNAi enhancer screen Our laboratory previously developed a two-step screen as an efficient method to identify genes with roles in C. elegans gastrulation from among candidate genes (Sawyer et al. 2011) , and we applied that screen here to the NTD homologs. In brief, we first used an RNAi-by-feeding approach to disrupt gene functions (Kamath et al. 2001; Kamath and Ahringer 2003) , recording percent embryonic lethality in the wild-type and gastrulation-sensitized end-3(ok1448); ced-5(n1812) backgrounds. We used these results to identify genes in which the RNAi phenotype resulted in increased embryonic lethality in the gastrulation-sensitized background ( Figure  2 ). For convenience, we refer to these genes as enhancers (see Materials and Methods for details). We next targeted the enhancers in wild-type worms using RNAi-by-injection because this method can induce a stronger loss of function than RNAi-by-feeding, filming embryonic development to directly identify genes that are required for gastrulation. We included in our primary screen 104 of the 191 NTD gene homologs, including genes that were available in an RNAiby-feeding library and whose feeding clones we could confirm by sequencing (Table S2) .
For each of the 104 genes, RNAi-by-feeding was performed in triplicate in the wild-type and gastrulation-sensitized backgrounds. As controls for RNAi effectiveness in each trial, we used bacterial strains targeting par-6 (used as a positive control for effective RNAi, which gave an average of 99.88 6 0.39 and 100.00 6 0.00% embryonic lethality in the wildtype and gastrulation-sensitized backgrounds, respectively) and gfp (negative control, 0.40 6 0.40 and 5.92 6 2.5% embryonic lethality in the wild-type and gastrulationsensitized backgrounds, respectively). We also included mom-5, a homolog of the Wnt receptor Frizzled, as a positive control for the effectiveness of the gastrulation-sensitized background (5.48 6 3.1 and 56.33 6 13.49% embryonic lethality in the wild-type and gastrulation-sensitized backgrounds, respectively). mom-5 was previously implicated in gastrulation (Lee et al. 2006) , and dsRNAs targeting mom-5 were previously shown to enhance lethality in the gastrulationsensitized strain (Sawyer et al. 2011) .
Screening NTD gene homologs in the wild-type and gastrulation-sensitized backgrounds, we identified 22 NTD gene homologs as enhancers, which we considered as candidate C. elegans gastrulation genes ( Figure 2 and Table S2 ). Among the 22 enhancers, we identified three Wnt pathway genes that were previously known to function in C. elegans gastrulation: mom-2/Wnt, dsh-2/Dsh, and mig-5/Dsh (Lee et al. 2006) . We view this result as validating our approach as a method for identifying bona fide gastrulation genes among NTD gene homologs. We also identified a predicted heparan sulfotransferase gene, hst-1, that is predicted to function with Wnt and other signaling pathways (Yan and Lin 2009 ) and a well-studied G protein a-subunit gene with known embryonic roles, goa-1 (Bastiani and Mendel 2006) . The functions of these proteins in gastrulation were not pursued further here.
Secondary screen for genes with roles in C. elegans gastrulation
To determine which of the enhancer genes are required for gastrulation in C. elegans, we injected dsRNAs targeting each of the remaining 17 enhancers into wild-type adult worms and monitored the development of embryos produced at least 24 hr after injection. In our experience, injection of dsRNAs often results in penetrant phenotypes, phenocopying null mutants more often than does RNAi-by-feeding (preliminary unpublished observations). 4D DIC microscopy of living embryos was used to observe development at the 26-to 28-cell stage, looking specifically for gastrulation defects. A gastrulation defect was defined by the failure of the E cells to internalize before their division. Embryos were scored as gastrulation defective if one or both the E cells divided on the surface of the embryo (Figure 3 and Figure 4 , asterisks). Among gastrulation-defective embryos, we further distinguished two phenotypic classes: late internalization (if Ea and/or Ep failed to internalize, but all four of their daughter cells internalized before dividing) and failed internalization (if some of the four daughter cells failed to internalize before dividing) (Figure 3 and Figure 4 , asterisks). We found that RNAi targeting four genes (sptf-3, abi-1, gex-3, and ced-4) resulted in embryos consistently showing gastrulation defects (Figure 4 and File S1, File S2, File S3, File S4, and File S5). We also identified three genes, not considered further here, in which only 1 embryo of 13 or more analyzed showed a gastrulation-defective phenotype after RNAi: sec-24.2 (which also showed cytokinesis defects), epi-1, and cka-2 (Figure 3) . Among the four genes consistently showing gastrulation defects, ced-4(RNAi) had the weakest effect on E cell internalization (Figure 3) . We analyzed four different mutant alleles of ced-4, including the null allele ced-4(n1162) (Yuan and Horvitz 1992) , and found similarly weak but consistent gastrulation defects ( Figure S1 ). Taken together, these results identify four NTD gene homologs-sptf-3, abi-1, gex-3, and ced-4-as having direct or indirect roles in C. elegans gastrulation. Given the low penetrance of gastrulation defects after targeting ced-4, we did not consider it further here. Later we probe the basis for gastrulation defects in sptf-3(RNAi), abi-1(RNAi), and gex-3(RNAi) embryos.
sptf-3 affects the length of E cell cycles and endoderm cell fate and encodes a protein that is enriched in nuclei during gastrulation
The E cells are the first cells in C. elegans embryonic development to introduce a gap phase to the cell cycle, resulting in an 20-min extension compared to their cousin MS cells (Edgar and McGhee 1988) . In wild-type embryos, the cell cycle length of the Ea cell (40.33 6 0.39 min) is slightly but consistently shorter than that of the Ep cell (42.64 6 0.39 min), as observed previously (Boeck et al. 2011) . To determine whether sptf-3, abi-1, or gex-3 regulates E cell cycle lengths, we injected dsRNAs targeting these genes. Targeting abi-1 or gex-3 by RNAi did not affect cell cycle lengths (P . 0.05) ( Figure 5A ) (ced-4 gave similar results). However, RNAi against sptf-3 reduced E cell cycle lengths significantly (P , 0.01; Ea, 37.28 6 0.65 min; Ep, 39.51 6 0.57 min). Most cells that failed to internalize in sptf-3(RNAi) embryos had a shortened cell cycle. However, there were some cells that failed to internalize despite having normal cell cycle timing, indicating that the reduced cell cycle alone does not fully explain the gastrulation defects of sptf-3(RNAi) embryos.
Genes that regulate endoderm cell fate are known to affect the timing of E cell division and E cell internalization during gastrulation. Endodermal cell fate is marked by the expression of two partially redundant GATA transcription factors, end-1 and end-3 (Maduro et al. 2005 (Maduro et al. , 2007 Owraghi et al. 2010; Boeck et al. 2011) . When the endoderm cell fate regulators end-1 and end-3 are disrupted, the E cells have a shorter cell cycle and divide prematurely on the outside of the embryo, before internalization (Zhu et al. 1997; Maduro et al. 2005; Boeck et al. 2011) . The sptf-3 gene encodes an Sp1 family transcription factor with multiple recognized roles in C. elegans, including vulval development, oocyte production, embryonic development, and specification of apoptotic cell fate (Ulm et al. 2011; Hirose and Horvitz 2013) . Given the previously recognized role of sptf-3 in cell fate specification and our data showing that sptf-3 affects cell cycle length in the E cells, we hypothesized that sptf-3 plays a role in specifying E cell fate. Because sptf-3 has diverse functions in different cells in C. elegans, we predicted that sptf-3 also might contribute to other early cell lineages. Consistent with this prediction, we found that a fluorescent SPTF-3 fusion protein resulting from tagging the endogenous locus localized to all nuclei in gastrulation-stage embryos ( Figure 5B) .
To assess the effects on E cell fate specification, we examined GFP reporters of end-1 and end-3 expression in sptf-3(RNAi) Figure 2 Primary RNAi screen. dsRNAs targeting 104 NTD gene homologs were fed into wild-type and gastrulation-sensitized backgrounds. Shown are bar graphs indicating percent embryonic lethality in wildtype (gray) and gastrulation-sensitized backgrounds (green), performed in triplicate, 695% confidence intervals. (A) Putative enhancers. RNAi targeting genes listed in this category resulted in increased embryonic lethality beyond a threshold in the gastrulationsensitized background (see Materials and Methods). Controls: dsRNA targeting par-6, gfp, and mom-5. (B and C) Nonenhancers. RNAi targeting these genes resulted in 100% embryonic lethality in both backgrounds or below the threshold of enhanced embryonic lethality in the gastrulation-sensitized background.
embryos. sptf-3(RNAi) resulted in a significant reduction of end-1::GFP reporter intensities throughout the Ea and Ep cell cycle ( Figure 6, A and B) . end-3 expression is apparent earlier in the Ea/Ep cell cycle than is end-1 expression (Maduro et al. 2007; Boeck et al. 2011) . We found that sptf-3(RNAi) also resulted in decreased levels of end-3::GFP ( Figure 6C ). In addition to the end-1 and end-3 endodermal markers, we analyzed the fluorescence intensities of an MS cell reporter when sptf-3 was disrupted to determine whether cell fates are affected more generally. The MS lineage gives rise to multiple tissue types, including muscle and neurons but not endoderm cells (Sulston et al. 1983) . Unlike the endoderm markers, sptf-3(RNAi) did not significantly decrease the expression of tbx-35::GFP, a marker of MS cell fate (Broitman- Maduro et al. 2006) , in mesoderm progenitor cells (P . 0.05) ( Figure 6D ). To determine whether sptf-3 affects gene expression more broadly beyond the E lineage, we performed transcriptome profiling from wild-type and sptf-3 knockout 15-cell-stage embryos and analyzed mRNA levels of genes whose mRNAs were shown in previous quantitative experiments to be lineage restricted (Hashimshony et al. 2015) . sptf-3 knockout resulted in the expected loss of sptf-3 mRNA, little change to three actin mRNAs expressed at distinct levels, and effects on end-1, end-3, and tbx-35 mRNA levels that were consistent with the earlier reporter construct results for each of these genes. Analysis of additional lineage-specific markers demonstrated that sptf-3 knockout decreased levels of specific mRNAs from the MS and AB lineages ( Figure 6E ). Thus, sptf-3 is likely to affect endodermal internalization at least in part by regulating the expression of genes that determine early endodermal fate and regulate gastrulation, and sptf-3 also has broader roles in regulating expression of genes in multiple cell lineages.
Although sptf-3(RNAi) had detectable effects on the expression of certain early endoderm cell fate markers earlier, sptf-3 had little effect on expression levels of the endodermally expressed genes nhr-57 or elt-7 ( Figure 6E ), nor did they affect a marker of terminal differentiation of the endoderm. We found that sptf-3(RNAi) embryos were capable of forming birefringent rhabditin granules, sometimes called gut granules (Table 1) (Babu 1974; Laufer et al. 1980) . However, disruption of sptf-3 by RNAi enhanced the disruption of intestinal development in end-3(ok1448) worms (and not in end-1(ok558) worms) ( Table 1) .
Taken together, these results indicate that sptf-3 has critical roles in the expression of early endodermal cell fate genes and the subsequent internalization of the endoderm cells, as well as gene expression in other cell lineages. The results establish sptf-3 as a broad regulator of gene expression that, among other roles, makes important contributions to the well-studied C. elegans endodermal specification pathway.
The WAVE complex is required for gastrulation in C. elegans Our secondary screen revealed that genes encoding two members of the WAVE complex of actin regulators, abi-1/Abi1 and gex-3/Nckap1, are required for gastrulation in C. elegans. The WAVE complex is highly conserved, regulating actin-dependent Figure 3 Secondary RNAi screen. dsRNAs targeting the enhancers identified in the primary screen were injected into wild-type animals. Embryos from each background were filmed by 4D DIC microscopy. Films were analyzed for internalization of the endoderm cells (see Figure 4 for examples of gastrulation defects indicated here). Figure 4 Gastrulation-defective phenotypes in sptf-3(RNAi), abi-1(RNAi), gex-3(RNAi), and ced-4(RNAi) embryos. The endoderm precursors (pseudocolored in green) were internalized before Ea/Ep division in wild-type embryos and were exposed on the surface in gastrulation-defective embryos. In sptf-3(RNAi) and ced-4(RNAi) embryos, the endoderm cells generally failed to internalize by the time of Ea/Ep division and internalized before the next round of cell division (Eax/Epx division, where x represents both anterior and posterior daughters). In abi-1(RNAi) and gex-3(RNAi) embryos, the endoderm failed to complete internalization by Eax/Epx division in 56.5 and 16.2% of embryos, respectively (see Figure 3) . White asterisks mark cells that remain on the embryo's surface.
processes in plants, Dictyostelium, yeast, Drosophila, C. elegans, and vertebrate animal systems (reviewed in Takenawa and Suetsugu 2007) . Wave proteins were discovered initially by homology to an actin regulatory domain in the Wiskott-Aldrich syndrome proteins (WASPs): WAVE is an abbreviation of WASP family verprolin-homologous (Miki et al. 1998) . Activation of the WAVE complex is regulated by multiple stimuli, including Rac GTPases (Miki et al. 1998 , Eden et al. 2002 , resulting in a tightly controlled, polarized actin assembly mediated via Arp2/3 (Machesky and Insall 1998; Machesky et al. 1999) . The WAVE complex is composed of five proteins (Eden et al. 2002) , whose C. elegans homologs are GEX-3/Nckap1, GEX-2/Sra1, ABI-1/Abi1, WVE-1/Wave1, and NUO-3A/Brick1 ( Figure 7A ). In C. elegans, GEX-3, GEX-2, ABI-1, and WVE-1 exist in a protein complex, and as in other organisms, disruption of one component results in degradation of the other subunits (Patel et al. 2008) . To determine whether the role we found for ABI-1/Abi1 and GEX-3/Nckap1 in gastrulation reflects a role for the entire WAVE complex in gastrulation, we disrupted gex-2 and wve-1 using RNAi and also analyzed phenotypes in existing null mutants (Soto et al. 2002; Patel et al. 2008) . Results from RNAi and mutant analyses indicate that both gex-2 and wve-1 are required for gastrulation (Figure 7B) . In addition, a genetic null of gex-3 validated the RNAi gastrulation-defective phenotype ( Figure 7B) .
The smallest member of the WAVE complex, nuo-3a/ Brick1, has been difficult to study in C. elegans by traditional RNAi approaches because the nuo-3 gene produces an RNA that encodes two distinct polypeptides: the BRICK homolog (the nuo-3a ORF) and the NADH-ubiquinone oxidoreductase a-subunit (nuo-3b ORF). As a result, dsRNA targeting the nuo-3 transcript should affect the RNA levels of both polypeptides. To overcome this challenge, we used CRISPR/Cas9-triggered homologous recombination (Dickinson et al. 2013) to generate a knockout of nuo-3a/Brick1 while leaving the nuo-3b NADH-ubiquinone oxidoreductase coding sequence intact ( Figure S2 ). We found that like the other members of the WAVE complex, the nuo-3a/Brick1 homolog was required for gastrulation in C. elegans ( Figure 7B) .
We analyzed the E cell cycle timing of gex-3, wve-1, gex-2, and nuo-3a mutants. We found that E cell cycle lengths were similar in these backgrounds as in wild-type worms, showing only a modest decrease in the Ea cell cycle length in gex-2 mutants and a modest increase in the Ea cell cycle length in nuo-3a mutants (P , 0.05) ( Figure S3 ). We conclude that WAVE complex members are unlikely to affect gastrulation via effects on cell cycle length.
Apical narrowing and cell compaction are affected by gex-3
We hypothesized that mutations in gex-3 may affect apical constriction in the E cells. When members of the WAVE complex were disrupted, we noticed that plasma membranes formed blebs (File S6), similar to the phenotype observed previously when members of the Arp2/3 complex, a downstream target of the WAVE complex, were disrupted (Roh-Johnson and Goldstein 2009). Furthermore, previous studies have indicated that Arp2/3 has critical roles in C. elegans gastrulation (Severson et al. 2002; Roh-Johnson and Goldstein 2009) . To determine whether members of the WAVE complex affect E cells' apical constriction, we analyzed the narrowing of Ea/Ep cells' apical domains over time using an end-1::GFP::CAAX background (Wehman et al. 2011) in which the plasma membranes of the endoderm precursor cells are labeled. To disrupt the WAVE complex, we used gex-3(RNAi) because disruption of gex-3 is known to reduce levels of other members of the WAVE complex (Patel et al. 2008) . We measured the maximal Figure 5 (A) Ea/Ep cell cycle times are reduced in some sptf-3 (RNAi) embryos. In wild-type embryos, the Ea cell cycle (left column) is 40.33 6 0.39 min, and the Ep cell cycle (right column) is 42.64 6 0.39 min. In sptf-3(RNAi) embryos, the cell cycle of the Ea and Ep cells is reduced to 37.28 6 0.65 and 39.51 6 0.57 min, respectively. Ea and Ep cell cycle timing is not changed in abi-1(RNAi), gex-3(RNAi), and ced-4 (RNAi) embryos. **P , 0.01. Excluded is one abi-1(RNAi) embryo that had an anomalous delay outside the range shown here (Ea = 62 min; Ep = 64 min). Cells that failed to internalize are shown in red. Gray indicates cells that internalized. Means are represented by thick black bars. (B) mNeonGreen::SPTF-3 is enriched in all nuclei during gastrulation (nine of nine embryos filmed). Arrowheads mark Ea/Ep nuclei. Bar, 10 mm.
anterior-to-posterior length of the exposed apical surfaces over time during the Ea/Ep cell cycle. We found that the Ea and Ep apical lengths in gex-3(RNAi) embryos began to narrow similarly to control embryos, but the final stages of endoderm internalization were affected, with more apical surface left exposed in gex-3(RNAi) embryos late in the cell cycle than in wild-type embryos (P , 0.05) (Figure 8, A and B) . These results suggest that while initiation of apical constriction appeared normal, later stages were disrupted, similar to what was observed in Arp2/3 knockdown embryos (Roh-Johnson and Goldstein 2009). Although shrinkage of apical cell surfaces was affected, we found that myosin became apically enriched in gex-3(RNAi) embryos to a similar level as in control embryos ( Figure S4 ), much as found in Arp2/3(RNAi) embryos previously (Roh-Johnson and Goldstein 2009). We conclude that gex-3 is likely to affect apical constriction without strong apparent effects on myosin distribution.
Because the WAVE complex has been shown to affect the formation of cell junctions in C. elegans (Bernadskaya et al. 2011) , and because we observed blebbing after targeting the WAVE complex (File S6), we predicted that the WAVE complex affects cell shapes. To examine cell shapes, we removed eggshells from two-cell-stage embryos, separated the cells, and followed development of these isolates. C. elegans 132embryos with eggshells removed are known to undergo compaction, expanding cell contacts and resulting in an increasingly flattened appearance at the embryo surface where cells meet (Grana et al. 2010) . Previous studies have shown that when proteins involved in cell adhesion (SAX-7/L1CAM and HMR-1/cadherin) were depleted, compaction of the Ea/Ep cells was reduced, as measured by a decreased length of cell contact between the Ea and Ep cells (Grana et al. 2010) . We performed similar experiments in control and gex-3 mutant embryos and observed a modest but statistically significant decrease in contact length ratios in gex-3 mutant embryos ( Figure 8C ), suggesting that the WAVE complex has a modest effect on cell shapes in vivo. A functional mNG-tagged form of GEX-3 (Dickinson et al. 2015) showed cortical localization with some enrichment at apical borders between Ep and MS granddaughters ( Figure 8D ), a known site of Arp2/3-dependent transient F-actin enrichment (Roh-Johnson and Goldstein 2009). The findings from our in vivo studies-that the WAVE complex affects apical narrowing, cell compaction, and gastrulation in C. elegans without strong effects on cell cycle timing or myosin localization-are consistent with the known effects of the WAVE complex, which affects F-actin architecture generally and cell junctions of other cells in C. elegans specifically (Takenawa and Suetsugu 2007; Bernadskaya et al. 2011) .
Nckap1 contributes to neural tube closure in Xenopus
We hypothesized that genes implicated in mammalian neural tube closure and C. elegans morphogenesis might have broadly conserved roles in morphogenesis. To test whether genes we found by screening in C. elegans have conserved cellular functions, we turned to Xenopus embryos, which allow for imaging neural tube closure at the level of individual cells. Xenopus is a valuable vertebrate model in NTD research (see, e.g., Wallingford and Harland 2002; Haigo et al. 2003; Gray et al. 2009; Liu et al. 2011; Ossipova et al. 2014 ) owing in part to its external development, which facilitates in vivo imaging of neural tube closure (Kieserman et al. 2010) . To determine whether Xenopus might serve as a model for probing the WAVE complex's roles in neural tube formation, we tested whether a homolog of gex-3, nckap1, affects neural tube closure in Xenopus. We first examined whether nckap1 was expressed in embryos during neural tube closure at stage 18. Using RNA in situ hybridization, we found that nckap1 mRNA was expressed at neural tube closure stages and that the mRNA was enriched in the neural tube and surrounding neural tissues ( Figure S5 ).
To test whether Nckap1 has a role in neural tube closure, we designed two nonoverlapping MOs to the 59 UTR of nckap1 (MO1 and MO2; for MO design, see Figure S6 ) to disrupt Nckap1 expression. Both MOs disrupted neural tube closure (Figure 9, A and B) . Co-injection of Nckap1 MO1 and MO2 together at suboptimal concentrations (concentrations at which each MO alone had little or no effect) resulted in an increased incidence of NTDs (x 2 test, P , 0.01), suggesting that the MOs are specific to Nckap1 (Figure 9, C and E) . Disruption of Nckap1 was confirmed by co-injecting GFPtagged nckap1-59 UTR RNA with various concentrations of Nckap1 MOs ( Figure 9D ). Using a Western blot, we were unable to observe a GFP signal from MO1-and MO2-injected embryos. Further validating the specificity of the MOs, we showed that injection of a 5-bp mismatch MO resulted in reduced but not absent GFP signal ( Figure 9D ), and embryos injected with 45 ng of the 5-bp mismatch MO did not develop NTDs (data not shown).
Injection of the MO1 and MO2 at 43-45 and 25-30 ng, respectively, resulted in embryos that appeared superficially normal prior to neural tube closure stages. However, a delay in neural tube closure was evident between stages 16 and 19 ( Figure 9, A and B) . At various points during neural tube closure, lesions or small tears formed in the ectoderm, often beginning as a small lesion ( Figure 9A , arrow, stage 17) that expanded in the neural tube ( Figure 9A , arrow, stage 19). These lesions were observed at various sites along the neural tube in different embryos, often in the cranial and posterior regions. At later stages, the neural tube remained open, and additional lesions often were seen in the ventral surface ( Figure S7 ). To examine the morphology of individual cells in Nckap1 MO-injected embryos, we injected embryos with GFP-CAAX mRNA to mark plasma membranes and filmed neural tube closure. At times when the neural folds converge in control embryos, cells were seen to round up and then become detached from the neuroepithelium in the Nckap1 MO-injected embryos at stage 16 (File S7, File S8, and Figure  S8 ). Cells were seen to dissociate from the lesions, suggesting loss of cell adhesion. Although the loss of adhesion observed in Xenopus and the more moderate effect on compaction in C. elegans appear superficially similar, we note that either defect could be a primary effect of loss of a WAVE complex member or secondary consequences of unknown additional defects.
Discussion
Using a two-step enhancer screen, we discovered NTD gene homologs as newly recognized contributors to C. elegans gastrulation. These genes include the transcription factor sptf-3 and members of the WAVE complex of actin regulators. These findings suggest that some NTD gene homologs may have broadly shared roles in diverse animal systems in internalizing surface tissues. We speculate that such roles might reflect dsRNA targeting sptf-3 was injected into wild-type, end-1(ok558), and end-3 (ok1448) worms, and percent of embryos with gut granule formation was scored.
Identifying Regulators of Morphogenesisancient and conserved roles retained in C. elegans and vertebrates from common ancestors. Alternatively, such roles could reflect convergent uses of similar genes in similar morphogenetic processes. Our approach supports the value of screening in C. elegans to identify genes with shared roles in morphogenesis in diverse animal systems.
sptf-3, an Sp factor, is a novel gastrulation gene in C. elegans
Sp proteins are a family of transcription factors with three conserved C2H2 zinc finger binding domains preceded by a buttonhead (BTD) box, a distinguishing feature of Sp proteins (Suske et al. 2005) . There are nine Sp-family members in humans and mice, grouped into three clades from phylogenetic sequence analysis (Schaeper et al. 2010) . Four Sprelated factors have been identified in C. elegans (trp-1, sptf-1, sptf-2, and sptf-3); however, only two genes, sptf-2 and sptf-3, contain the three canonical C2H2 zinc finger repeats (Ulm et al. 2011) . Phylogenetic analyses of DNA binding domain sequences suggest that Sp factors in C. elegans are associated with the Sp1-Sp4 clade (Ulm et al. 2011) , while Sp8 is found within the Sp6-Sp9 clade (Schaeper et al. 2010) . In C. elegans, the only Sp factor identified thus far with roles in embryonic development is sptf-3 (Sun et al. 2007; Ulm et al. 2011; Hirose and Horvitz 2013; and our data) . Disruption of sptf-3 in C. elegans has been linked to a range of developmental defects in embryonic morphogenesis, vulva specification, and oocyte production (Ulm et al. 2011) . In addition, sptf-3 regulates distinct apoptotic programs of specific cells in the developing worm, controlling both caspasedependent and -independent pathways (Hirose and Horvitz 2013) . In the mouse, Sp8 appears to negatively regulate apoptosis because disruption of Sp8 results in increased apoptosis in neural progenitor and neural crest cells (Zembrzycki et al. 2007; Kasberg et al. 2013) .
Our data support an essential role for sptf-3 in embryonic morphogenesis because we have identified a role for sptf-3 in cell internalization during the first stages of gastrulation. When we examined the endoderm fate markers end-1 and end-3 in the sptf-3(RNAi) background, we observed a decrease in their expression, suggesting that, among several distinct roles, sptf-3 plays a role in regulating cell fate decisions in the E cell lineage. Results from published ChIP-seq experiments with SPTF-3 did not identify end-1 or end-3 as direct targets of SPTF-3. However, the ChIP-seq results did identify skn-1 as a target of SPTF-3 (Hirose and Horvitz 2013) . skn-1 is a known upstream activator of the end-3 and end-1 genes (reviewed in Maduro and Rothman 2002) . Thus, these data suggest that SPTF-3 is part of the network of transcription factors regulating endoderm fate specification in C. elegans.
Disruption of the vertebrate Sp8 results in exencephaly (NTDs in the cranial region) and spina bifida (NTDs in the posterior region) in the mouse and limb truncation defects in the mouse, chick, zebrafish, and X. tropicalis (Bell et al. 2003; Treichel et al. 2003 , Kawakami et al. 2004 , Chung et al. 2014 . Sp8 is part of a transcriptional program that patterns neural progenitors into distinct domains (Griesel et al. 2006; O'Leary et al. 2007; Sahara et al. 2007; Zembrzycki et al. 2007; Kasberg et al. 2013) ; however, a transcriptional network involving Sp8 during neural tube closure has not yet been identified. It will be interesting to determine whether there are shared targets of sptf-3 and Sp8. In support of this, disruption of Sp8 in zebrafish embryos has been shown to result in decreased expression of gata2, a GATA transcription factor, in the neuroepithelium (Penberthy et al. 2004) . The role of gata2 during neural tube closure is not clear because mutations in mice result in early embryonic lethality; however, evidence suggests that gata2 may affect early neuronal differentiation (Nardelli et al. 1999; Craven et al. 2004) . Identification of conserved targets during cell internalization in C. elegans gastrulation and neural tube closure may help to identify conserved transcriptional networks that contribute to morphogenesis.
The WAVE complex has early roles in endoderm internalization
The gex mutants (gex-1/wve-1, gex-2, and gex-3) and abi-1 were characterized initially by a failure of endoderm tissue to remain internalized. The term gex refers to gut on the exterior arising from failed hypodermal (epidermal) migration, resulting in a large ventral cleft and exposed endoderm cells at later stages of morphogenesis (Soto et al. 2002; Withee et al. 2004; Patel et al. 2008 ). Here we provide evidence that WAVE complex mutants have earlier defects in endoderm internalization, which occurs at the 26-to 28-cell stage. We show that knockdown of all known WAVE components resulted in similar endoderm internalization defects, exhibiting late-internalization or failed-internalization phenotypes. The failed-internalization phenotype is a less frequently observed phenotype among gastrulation-defective mutants (Sawyer et al. 2011 ) and could be influenced by subtle cell positioning defects, as described previously for other C. elegans cells in WAVE complex mutants (Soto et al. 2002; Patel et al. 2008) .
Arp2/3, an actin nucleator that can function downstream of the WAVE complex, has essential roles in C. elegans gastrulation (Severson et al. 2002; Roh-Johnson and Goldstein 2009) . The small GTPase Rac1 is a known upstream regulator of the WAVE complex, and mutations in ced-10/Rac1 result in ventral enclosure defects similar to the WAVE complex mutants previously characterized (Soto et al. 2002; Studies in C. elegans have suggested that the Arp2/3 complex and members of the WAVE complex have important roles in cell adhesion via the maturation and maintenance of intestinal epithelial junctions (Bernadskaya et al. 2011) . Thus, the WAVE complex may have roles in establishing apical junctions in Ea and Ep cells. Apical junctions may contribute to a "clutch" mechanism in which contractions of the apical actomyosin cytoskeleton gradually become coupled to membranes, driving shrinkage of the apical domains of cells (Roh-Johnson et al. 2012) . Failure of the E cells to internalize when WAVE complex members are disrupted could feasibly represent a defect in the proposed clutch mechanism. Disruption of the Arp2/3 complex results in a reduction of apical membrane shrinkage, similar to phenotypes observed in gex-3(RNAi) embryos (Roh-Johnson and Goldstein 2009). It is possible that these defects arise because apical junctions are not established correctly or are not attached properly to the actin cortex. In support of WAVE complex members affecting cell adhesion in the E cells, we show that cell compaction is reduced in gex-3 mutant cell isolates.
The WAVE complex has important but poorly understood roles during neural tube closure Nckap1, Abi1, and Rac1 have been implicated in neural tube closure in mouse as disruption of these genes results in NTDs (Rakeman and Anderson 2006; Yokota et al. 2007; Migeotte et al. 2011; Dubielecka et al. 2011) . Mutations in Wave1 and Wave2 do not result in NTDs, and mutations in Wave3 have not been reported (Soderling et al. 2003; Yamazaki et al. 2003; Yan et al. 2003) . Although the mechanisms regulated by these WAVE complex members during neural tube closure are not clear, defects in apical actin filaments in the neuroepithelium (Yokota et al. 2007 ) and lack of lamellipodia protrusions from primary neuroepithelium have been observed (Rakeman and Anderson 2006; Yokota et al. 2007 ). Nckap1 and Rac1 also have earlier roles during mouse gastrulation: disruption of Nckap1 and Rac1 affect the migration of mesodermal cells away from the primitive streak. This defect is linked to the cardia bifida phenotypes observed in Nckap1 and Rac1 mouse mutants and may also be a contributing factor to the open neural tube in these embryos (Rakeman and Anderson 2006; Migeotte et al. 2011) .
Here we present evidence that Nckap1 is required for neural tube closure in Xenopus. When nckap1 function was depleted, neural tube closure was significantly delayed compared to control embryos, and often the neural tube failed to close. The tissue integrity of Nckap1-depleted embryos appeared compromised because lesions or tears in the neural plate tissue formed, and cells dissociated from the neuroepithelium. These phenotypes are similar to those described in cysteine-rich motor neuron protein (Crim1)-depleted Xenopus embryos. Like Nckap1, disruption of Crim1 resulted in cells that dissociated from the neural tube. Crim1 was shown to affect the junctional localization of E-and C-cadherin in the neural plate and the ability of b-catenin to stably associate with junctional complexes (Ponferrada et al. 2012) . Although future studies will be needed to determine whether Nckap1 affects the localization or expression of functional adhesion proteins in the neuroepithelium, it seems likely that Nckap1 affects cell adhesion either directly or indirectly. We hope that the use of C. elegans can contribute to identifying candidate cellular mechanisms that might be regulated by nckap1 and other NTD genes during neural tube closure. Figure S1 Mutations in ced--4 result in gastrulation defects. Shown are stacked bars indicating the percent of embryos with a normal gastrulation phenotype (gray) and late endoderm internalization (dark gray). Figure S2 The nuo--3a deletion strain does not deplete nuo--3b/NADH--ubiquinone oxidoreductase/nuo--3b. RT--PCR with cDNA preparations from nuo--3a adult heterozygote worms (+/--) and nuo--3a null worms (--/--). The nuo--3a transcript was depleted in nuo--3a null worms but the nuo--3b transcript was present. Y45F10D.4 and pmp--3 were used as loading controls. L is ladder. 2 SI Figure S6 Target sequences of Nckap1 MO1 and MO2. Two non--overlapping morpholinos were designed to block translation of the Nckap1 protein. The start site is indicated by the ATG in brackets. The target site of the Nckap1 mismatch control MO was similar to Nckap1 MO1 but contained 5 base--pair mismatches, shown in red. 6 SI Figure S7 Additional phenotypes in embryos injected with Nckap1 MO. In this representative example from stage 25 embryos injected with Nckap1 MO1, the neural tube almost completed closure. Before completion, a lesion formed in the cranial region of the neural tube (dorsal view, arrow). Additional lesions are also observed in the extreme posterior of the embryo (white arrow, lateral view) and ventral tissues (white arrowhead, lateral view). Control embryo: suboptimal dosage of MO1. Anterior is top in all images. Scale bars are .5mm 7 SI Figure S8 Cells dissociate in Nckap1 MO injected embryos. Embryos were injected with 100ng of membrane::GFP RNA (control) alone or together with 100ng RNA+Nckap1 MO1 and imaged between the stages of 16--18. In control embryos, the neural folds converge toward the midline and the anterior opening becomes closed (arrowheads). In Nckap1 MO1 injected embryos, the neural tube remains open and cells dissociate. Scale bars are 100μm 8 SI
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